Introduction
============

*Ginkgo biloba* is a plant which has existed on earth for more than 200 million years and is considered to be a "living fossil".[@b1-ijn-8-421]*G. biloba* extract (GbE) is extracted from dry *G. biloba* leaves and purified to a light yellow powder. It is reported to have several properties beneficial to health, including scavenging radical,[@b2-ijn-8-421] auto-oxidation,[@b3-ijn-8-421] antitumor,[@b4-ijn-8-421] and protective effects in the central nervous system.[@b5-ijn-8-421] GbE is now widely used in the treatment of cerebrovascular insufficiency and peripheral circulation disorders, including Alzheimer's disease,[@b6-ijn-8-421] senile dementia,[@b7-ijn-8-421] and tinnitus.[@b8-ijn-8-421] The positive effects of GbE are based on the synergistic action of two well defined components, ie, flavonoid glycosides and terpene lactones.[@b9-ijn-8-421] According to the Federal Institute for Drugs and Medical Devices of Germany Commission E, the ideal GbE is standardized to a 24% content of flavonoid glycosides, which are the key components for free radical scavenging, and a 6% content of terpene lactones which are potent antiplatelet factor antagonists.[@b10-ijn-8-421]

Although GbE has many beneficial effects in cerebrovascular disease, oral administration of the currently marketed products presents several challenges, including low bioavailability (\<10%), the short half-life (2.1 hours) of flavonoid glycosides in vivo,[@b11-ijn-8-421] and the physical problem of delivering a drug across the blood--brain barrier. Hence, a number of researchers are focusing on how to enhance the action of GbE by developing advanced drug delivery systems. Yamamoto et al found an increased inhibitory effect of GbE on tumor cell growth when GbE was encapsulated in hybrid liposomes.[@b12-ijn-8-421] Also, Chen et al prepared GbE phospholipid complexes for the purpose of increasing the bioavailability of the extract.[@b13-ijn-8-421] It is of note that using colloidal carriers such as liposomes and niosomes generally increases diffusion of drugs through biological membranes and also protects drugs against enzymatic degradation, thereby improving drug bioavailability. Moreover, colloidal systems allow normally nontransportable drugs to cross the blood--brain barrier by masking their physical and chemical characteristics through encapsulation.[@b14-ijn-8-421]

Liposomes prepared using a variety of phospholipids were introduced in 1965 and have since been extensively studied as drug carriers and delivery systems.[@b15-ijn-8-421] Niosomes are nonionic surfactant-based vesicles with a similar structure to that of liposomes and can carry both hydrophilic and hydrophobic drugs within the same system.[@b16-ijn-8-421] Further, niosomes are now being studied widely as an alternative to liposomes because they can overcome the limitations associated with liposomes, ie, chemical instability, variable purity of the phospholipid content, and high cost.[@b17-ijn-8-421] Niosomes are currently used as versatile drug delivery systems with many pharmaceutical applications, including for oral,[@b18-ijn-8-421] pulmonary,[@b19-ijn-8-421] transdermal,[@b20-ijn-8-421] protein and peptide,[@b21-ijn-8-421] gene,[@b22-ijn-8-421] and vaccine delivery.[@b23-ijn-8-421]

The aim of the present study was to develop a niosomal formulation as a new oral carrier for GbE. A factorial design was used to optimize the GbE niosome formulation in terms of particle size and drug entrapment efficiency. Freeze-drying and spray-drying methods were used to prepare a GbE niosome powder to ensure stability of the extract and improve patient compliance. Characteristics of the niosomes, including their morphology, particle size, zeta potential, entrapment efficiency, and angle of repose were evaluated. The interactions between GbE and niosomes were also studied by differential scanning calorimetry (DSC). To characterize the release profile of flavonoid glycosides from GbE niosomes, three types of release medium (phosphate buffer at pH 6.8, acetic acid solution at pH 4.0, and hydrochloric acid solution at pH 1.0) were used in an in vitro release study. A GbE niosome stability study was carried out to evaluate the change in entrapment efficiency at two temperatures (4°C and 25°C) for 3 months. In vivo distribution of the GbE niosomes was investigated after oral administration to rats, and tissue samples were analyzed using high-pressure liquid chromatography (HPLC) to determine the drug content in various organ systems.

Materials and methods
=====================

Materials
---------

GbE containing Ginkgo flavonoid glycosides ≥ 24% and terpene lactones ≥ 6% was obtained from Jinmei Kang Co (Xuzhou, China). The reference standards for flavonoid glycosides (quercetin, kaempferide, and isoquercitrin) were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Polysorbate 80 (Tween 80), sorbitan mono-oleate (Span 80), cholesterol, and mannitol were supplied by Sigma-Aldrich (St Louis, MO). Acetonitrile and methanol of HPLC grade were purchased from Ajax Finechem Pty Ltd (Auckland, New Zealand). Dichloromethane, sodium acetate, hydrochloric acid, potassium dihydrogen phosphate, phosphoric acid, acetic acid, ethyl ether, and ethanol were sourced from Scharlau (Barcelona, Spain).

HPLC analysis of GbE flavonoid glycosides
-----------------------------------------

An HPLC system (LC-10ATVP HPLC, Shimadzu, Tokyo, Japan) equipped with a ternary pump, an injector with a 20 μL loop, and an ultraviolet-visible detector (SPD-10AVP, Shimadzu, Tokyo, Japan) was used, with data acquisition by N2000 software (University of Zhejiang, Zhejiang, China). Separation and quantitation were achieved using an Agilent HC-C18 column (250 × 4.6 mm, 5 μm; Agilent Corporation, Santa Clara, CA) fitted with a C18 guard column (10 × 3.0 mm). The mobile phase was prepared by mixing 28 parts (v/v) of acetonitrile and 72 parts of Milli-Q (Millipore, Billerica, MA) water (v/v) containing 0.4% (v/v) phosphoric acid. The analysis was performed at 40°C at an isocratic flow rate of 1.0 mL per minute, and analytes were detected at a wavelength of 360 nm. The retention times of each flavonoid glycoside (quercetin, kaempferide, and isoquercitrin) were 15.95, 30.72, and 33.35 minutes, respectively. The total run time was 35 minutes.

Optimization of niosomal formulation
------------------------------------

Based on the results of initial experiments, our niosomes were prepared using the film dispersion--homogenization method[@b24-ijn-8-421] with some modification. A range of process variables, including hydrophile--lipophile balance values for the surfactants, hydration temperature, molar ratio of surfactants, and cholesterol and weight ratio of GbE and carriers, were studied and optimized on the basis of uniformly small particle size and high entrapment efficiency. A surfactant mixture (Tween 80 and Span 80) and cholesterol were dissolved in 80 mL of methanol/dichloromethane (3:1, v/v) in a round bottom flask. The solvent was evaporated at 37°C under vacuum by a rotary evaporator (RE-52A, Yarong Biochemistry Apparatus Ltd, Shanghai, China). The resulting dried film was redissolved in 60 mL of ethyl ether, and a solution containing GbE in a mixture of dehydrated alcohol and phosphate-buffered solution (pH 6.5) was then added. Next, 20 mL of phosphate-buffered solution was added after 10 minutes of sonication. Rotary evaporation was performed again at 60°C until hydration was achieved and the residual ethyl ether was removed. The niosomal suspension was left to mature overnight at 30°C in a thermostatic water bath shaker. In order to obtain a uniform particle size, the niosomal suspension was homogenized using a high pressure homogenizer (NS1001L2K, Niro Soavi Ltd, Italy).

Preparation of niosomal powder
------------------------------

Powder-derived niosomes are superior to conventional niosomes in terms of convenience of storage, transport, and dosing.[@b25-ijn-8-421] To prevent degradation, fusion, and leakage, the niosomal powder was prepared using freeze-drying and spray-drying method. Mannitol was added into the niosomal suspension as a protectant to prevent drug leakage upon dehydration using each drying method. Six grams of mannitol was added into 100 mL of niosomal suspension before each drying method was performed.

Freeze-drying method
--------------------

Niosomal powder was prepared using a modification of the freeze-drying technique reported by Mukherjee et al.[@b26-ijn-8-421] After overnight prefreezing at −80°C, the primary drying was done using a vacuum freeze-dryer (Christ Alpha 1--4, Palaiseau Cedex, France) for 24 hours.

Spray-drying method
-------------------

The spray-drying process was done using a spray-dryer (Büchi B 290, Büchi Labortechnik AG, Flawil, Switzerland). The niosomal suspension was fed to the spray chamber by a pump. The aspirator setting, airflow rate, inlet temperature, and speed of the pump were kept at the scale of 100%, 357 L/hour, 130°C, and 1.5 mL/minute, respectively. Finally, the resulting powder was separated from the hot air stream with cyclone and collected in the bottom of the chamber.

Characterization of GbE niosomes
--------------------------------

### Morphology

The morphology of the niosomes was studied by scanning electron microscopy. Ten milligrams of niosomal powder was redispersed in 1 mL of Milli-Q water, and 10 μL of the suspension was then added on top of a conductive double-sided adhesive tape mounted on an aluminum stub. The samples were air-dried for 2 hours and then coated with platinum. Samples were observed using a scanning electron microscope (XL30S FEG, Philips, Eindhoven, The Netherlands) at 5--25 kV under high vacuum.

### Niosomal size and zeta potential

The particle size and size distribution of the prepared niosomes were determined by light scattering based on laser diffraction using a particle size analyzer (LS13320, Beckman Coulter Inc, Fullerton, CA).[@b27-ijn-8-421] The zeta potential was considered to be an indicator of the surface potential of the niosome, and was measured using a Zetasizer (Malvern Instruments, Worcestershire, UK).

The particle size and zeta potential of the niosomes were measured immediately after preparation and then after drying to powder in order to observe the effects of each drying method on these parameters.

### Entrapment efficiency of flavonoid glycosides

The proportion of non-trapped flavonoid glycosides was determined to assess entrapment efficiency. To separate the non-trapped flavonoid glycosides, the niosomal suspension was ultracentrifuged (Sorvall WX8, Hemel Hempstead, UK) at 91,580 g and 4°C for one hour. After centrifugation, the amount of flavonoid glycoside content in the supernatant was analyzed using the HPLC method. Further, the GbE niosome powder was washed twice in methanol and the non-trapped flavonoid glycosides were then separated by centrifugation at 3663 g for 10 minutes at 4°C. The amount of non-trapped flavonoid glycosides in the supernatant was analyzed using the HPLC method.

Entrapment efficiency was calculated using the following equation:[@b28-ijn-8-421]
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where A~0~ is the initial amount of flavonoid glycosides used in the preparation and A~u~ is the amount of non-trapped flavonoid glycosides detected in the supernatant.

### Angle of repose

The angle of repose is an indicator of flow ability and was measured in the niosomal powder by a fixed-cone tank method.[@b29-ijn-8-421] The powder was poured into three fixed funnels arranged from top to bottom. A watch glass with a radius of 2 cm was set at the bottom so that the falling powder could be collected on the watch glass and stacked into a circular cone. The height of the highest circular cone was recorded and the angle of repose was then calculated by measuring the height of the cone and the diameter of its base.

### Differential scanning calorimetry analysis

Differential scanning calorimetry is a basic method used to provide information about the thermal behavior, structure changes, and interaction between a drug and other materials.[@b30-ijn-8-421] To perform the DSC analysis, a small amount of sample was sealed in an aluminum crucible.[@b21-ijn-8-421] A second blank aluminum crucible was sealed as the reference. The temperature of the pans was raised from 25°C to 300°C in a nitrogen atmosphere at the rate of 10°C per minute. The flow rate of nitrogen was 50 mL per minute (Mettler-Toledo STARe, Greifensee, Switzerland).[@b13-ijn-8-421] The heat flow calibration was performed with indium. The peak transition onset temperatures of GbE, cholesterol, mannitol, and GbE niosomes were determined and compared in order to demonstrate the constitution of GbE niosomes.

### In vitro release of flavonoid glycosides from niosomes

The release of flavonoid glycosides from niosomes in different types of release medium (phosphate buffer at pH 6.8, acetic acid solution at pH 4.0, and hydrochloric acid solution at pH 1.0) was determined by the dialysis method using cellulose acetate dialysis tubing (molecular cutoff 8000--10,000) sealed at both ends with clips.[@b31-ijn-8-421] Niosomal powder and 10 mL of release medium were placed in the dialysis bag, which was then transferred into 90 mL of release medium. The release system was constantly stirred and the temperature was kept at 37°C ± 1°C throughout the study. A 5 mL aliquot was withdrawn at regular time intervals and replaced with the same volume of fresh release medium. Samples were then analyzed using the HPLC method.

To investigate release kinetics and calculate the release rate, the release data were fitted into various models, including zero-order (*Q~t~* = *Q*~0~ + *Kt*), first-order (*LogQ~t~* = *LogQ*~0~ + *Kt*), Higuchi (*Q~t~*/*Q~∞~* = *Kt^1/2^*), and Korsmeyer--Peppas models (*Q~t~*/*Q~∞~* = *Kt^n^*), where *Q~t~* denotes cumulative drug release at time *t* and *K* is the release rate constant, *Q*~0~ is the initial amount of drug in the solution, and *Q*~∞~ is the cumulative drug release at time ∞. The release data were fitted to the model by linear regression analysis using Microsoft Excel 2007 version 3.0.

### Stability studies

The ability of niosomes to retain the drug (drug retention behavior) was studied by keeping the niosomal powder formulations at two different temperatures, ie, refrigeration temperature (4°C--8°C) and room temperature (25°C ± 2 °C). Samples were stored in glass vials for 3 months and were withdrawn at regular time intervals. The entrapment efficiency of the niosomal formulation was analyzed in order to evaluate its stability properties.

Evaluation of in vivo distribution of GbE niosomes in a rat model
-----------------------------------------------------------------

Twenty male Wistar rats (200 ± 20 g) were randomly divided into two groups. One group of rats was given the GbE niosome formulation and the second group of rats was given GbE tablets, as a single-dose oral gavage in both groups. The flavonoid glycoside content in various rat organs (heart, liver, spleen, lung, kidney, and brain) and in blood was analyzed for 3 days post dosing in each group. Plasma and organ samples (100 μL) were mixed with equivalent volumes of 4% HCl, and the mixtures were heated at 80°C for 30 minutes. Following this acid hydrolysis, the samples were cooled and extracted by vortex-shaking for 5 minutes with 1000 μL of ethyl acetate, and then centrifuged at 15,000 g for 5 minutes. The supernatant (800 μL) was dried at 30°C. The residue was reconstituted in 100 μL of acetonitrile, and centrifuged at 15,000 g for a further 10 minutes. Twenty microliters of the resulting supernatant was analyzed by HPLC.

Statistical analysis
--------------------

The results were expressed as the mean ± standard deviation (n = 3) and the statistical analysis was performed using Statistical Package for the Social Sciences software version 17.0 (SPSS Inc, Chicago, IL). *P* \< 0.05 was considered to be statistically significant.

Results and discussion
======================

Optimization of niosomal formulations
-------------------------------------

[Table 1](#t1-ijn-8-421){ref-type="table"} showed the entrapment efficiency and particle size results for each of the study formulations. In the pre-experiments, entrapment efficiency was low when the hydrophile--lipophile balance value was below 10, which is in accordance with a previous report of entrapment efficiency decreasing with reduction of the surfactant hydrophile--lipophile balance.[@b32-ijn-8-421] Increasing the hydrophile--lipophile balance value to \>12 did not improve the entrapment efficiency. Because higher hydrophile--lipophile balance values reflect a low hydrocarbon chain volume in comparison with a hydrophilic surface area, they result in niosomes that are difficult to form.[@b33-ijn-8-421] Hydration temperature is another crucial process variable in the preparation of niosomes. In order to prepare niosomes at a hydration temperature above the gel--liquid transition temperature (T~c~) of the surfactants,[@b34-ijn-8-421] hydration was performed at 60°C, 70°C, and 80°C. The results showed that 60°C was the most suitable transition temperature. The niosomal formulation with a high cholesterol content (50% of the total lipid content) was found to have high entrapment efficiency, and could be due to the improved stability of the niosomes achieved by addition of cholesterol, which has been reported to stabilize the bilayers, prevent leakage of drug components, and retard permeation of solutes enclosed in the aqueous core of niosomes.[@b35-ijn-8-421][Table 1](#t1-ijn-8-421){ref-type="table"} shows that the preparation processes were controlled under appropriate conditions to obtain the optimal formulation. Although F1 was shown to achieve the highest entrapment efficiency in this study, the drug loading rate, which represents the drug content in the formulation, was the lowest (9%, w/w). As a result, F10 was selected as the optimal niosomal formation due to the fact that it had a small particle size, relatively high entrapment efficiency, and the best drug loading rate.

Characterization of GbE niosomes
--------------------------------

### Morphology

Scanning electron microscopy was used to investigate the morphology of the niosomes. [Figure 1](#f1-ijn-8-421){ref-type="fig"} shows that the niosomes were homogenous and had a spherical shape with a smooth surface. The images also confirmed that the niosomes were of nanometer size.

### Particle size, zeta potential, and entrapment efficiency

The particle size of the niosomes ([Table 2](#t2-ijn-8-421){ref-type="table"}) was significantly increased from niosomal suspension to niosomal powder (*P* \< 0.05) after addition of mannitol using both drying methods. There was no significant difference in particle size between the freeze-dried powder and the spray-dried powder (*P* \> 0.05). All of the formulations showed negative zeta potential values, which could reflect adsorption of counter ions or preferential adsorption of hydroxyl ions at the niosomal surface.[@b36-ijn-8-421] The zeta potential was higher in the spray-dried niosomes than in the freeze-dried niosomes, indicating that the spray-dried niosomal powder was more stable against aggregation and fusion than the freeze-dried niosomal powder.

Various methods have been investigated to determine the entrapment efficiency of niosomes, including centrifugation,[@b37-ijn-8-421] ultracentrifugation,[@b38-ijn-8-421] dialysis,[@b39-ijn-8-421] Sephadex gel filtration,[@b40-ijn-8-421] ultrafiltration membrane filtration,[@b41-ijn-8-421] and a macroporous adsorptive resins method.[@b42-ijn-8-421] In our study, the ultracentrifugation and centrifugation methods were used to separate the free drug from the niosomal suspension and from the powder. No significant difference was found in drug entrapment efficiency between the niosomal suspension and the powder made by the freeze-drying method (*P* \> 0.05). However, there was a significant difference in drug entrapment efficiency between the spray-drying (about 77.5%) and the freeze-drying method (about 50.1%, *P* \< 0.05). Therefore, spray-drying is the ideal method for preparing niosomal powder.

### Angle of repose

Results for the angle of repose of the niosomal powder formulations are summarized in [Table 3](#t3-ijn-8-421){ref-type="table"}. When the proportion of glidants in the niosomal powder was increased, the angle of repose of the niosomal powder changed, which is consistent with a report by Hu and Rhodes.[@b43-ijn-8-421] The results show that niosomal powder has free flow ability and can be processed further after addition of an appropriate glidant (0.2% microcrystalline cellulose, w/w) to the powder.

### Differential scanning calorimetry

The DSC curves for GbE, cholesterol, mannitol, and the GbE niosomes are shown in [Figure 2](#f2-ijn-8-421){ref-type="fig"}. As seen in [Figure 2A](#f2-ijn-8-421){ref-type="fig"}, GbE showed four endothermal peaks because it is a mixture of compounds, which is in accordance with previous reports.[@b44-ijn-8-421] The DSC curves for cholesterol ([Figure 2B](#f2-ijn-8-421){ref-type="fig"}) and mannitol ([Figure 2C](#f2-ijn-8-421){ref-type="fig"}), which were excipients in the GbE niosomes, showed apparent endothermal peaks at 149.89°C and 167.54°C, respectively. [Figure 2D](#f2-ijn-8-421){ref-type="fig"} shows that the DSC curve for the GbE niosomes had endothermal peaks at 143.05°C and 160.92°C; the peaks of GbE disappeared and those of cholesterol and mannitol still existed except for a small change. It has been reported that GbE exists in the amorphous state when it does not show its endothermal peak in the formed niosome.[@b45-ijn-8-421] Our results suggest that GbE was entrapped in the lipid bilayer of the niosomes and formed a new phase instead of being a simple physical mix between GbE and excipients.

### In vitro release studies

The release profile ([Figure 3](#f3-ijn-8-421){ref-type="fig"}) of flavonoid glycosides from the niosomes in the different types of medium was significantly different. All showed sustained release, with a rank order of the cumulative amount of flavonoid glycosides up to 48 hours in different media being phosphate buffer, pH 6.8 (approximately 100%) \> acetic acid solution, pH 4.0 (approximately 80%) \> HCl solution, pH 1.0 (approximately 30%). These results could be due to the effects of pH on the release of GbE, ie, cumulative drug release was less at a lower pH value. They also indicate that the niosome system may have the ability to protect the drug from being released in the stomach (where pH is close to 1.0), resulting in drug release in the lower parts of the intestinal tract (where pH is close to 6.8), meaning that the flavonoid glycosides from niosomes will be better absorbed at this site.

[Table 4](#t4-ijn-8-421){ref-type="table"} shows that all release curves are well fitted to a Korsmeyer--Peppas model, with all regression coefficients (*r*^2^) above 0.87 in the different types of release medium. Overall, the in vitro release data indicate that GbE niosomes can sustain drug release over time.

Stability studies
-----------------

Stability studies for the niosomal powder were performed by storage at 4°C--8°C and 25°C ± 2°C for a period of 3 months. The entrapment efficiency of the flavonoid glycosides in the niosomes was determined at the end of each month. There was no significant change in entrapment efficiency for the GbE niosomes at these two temperatures after 3 months (*P* \> 0.05, [Table 5](#t5-ijn-8-421){ref-type="table"}). Hence, niosomes could represent an effective formulation to protect drug leakage from the formulation.

In vivo distribution of GbE niosomes in the rat
-----------------------------------------------

The flavonoid glycoside content in rodent organs and tissues was evaluated by HPLC. The results ([Table 6](#t6-ijn-8-421){ref-type="table"}) show that the flavonoid glycoside content in the rat heart, lung, kidney, and brain was significantly higher in the GbE niosome group than in the GbE tablet group (*P* \< 0.05). Interestingly, there was a certain amount of flavonoid glycosides found in the brain in the GbE niosome group, but there were no flavonoid glycosides detected in the brain of the GbE tablet group. In the GbE tablet group, flavonoid glycosides were taken up to a considerable degree by the liver. This could be explained by the fact that GbE niosomes have more affinity for being deposited in the brain by masking their physicochemical characteristics and may avoid phagocytosis in the endothelial system. The concentration of drug in rat blood was also higher in the GbE niosome group than in the GbE group, which may be because the niosomes had a prolonged retention time in vivo, resulting in a stable blood concentration. Several reports have shown that the bioavailability of drugs can be improved[@b46-ijn-8-421],[@b47-ijn-8-421] due to altered pharmacokinetic behavior and in vivo distribution, and higher accumulation in the brain would be useful when using GbE as pharmacotherapy for diseases affecting the brain.

Conclusion
==========

A novel niosomal delivery system loaded with *G. biloba* flavonoid glycosides was developed and characterized in this study. Several factors, including surfactant content, hydrophile--lipophile balance value, hydration temperature, and cholesterol content were optimized to obtain an ideal formulation with high entrapment efficiency and relatively small particle size. The conditions for preparing the optimal niosome suspension included surfactants and cholesterol at a molar ratio of 1:1, GbE and carrier at a weight ratio of 15:100, a hydrophile--lipophile balance of 11, and a hydration temperature of 60°C. In order to prevent drug degradation, fusion, and leakage, the niosomal suspension was further developed to form niosomal powder by freeze-drying and spray-drying methods. After characterization of the niosomal powders for characteristics including particle size, zeta potential, and entrapment efficiency, the spray-drying method was selected as the best preparation technique. The morphology, angle of repose, and DSC were also evaluated for the GbE niosomes. The release study showed that the niosomes were able to prolong the release of flavonoid glycosides for up to 48 hours in phosphate-buffered solution (pH 6.8). Niosomal powder may serve as a suitable carrier for GbE because of its good stability over 3 months at two temperatures (4°C--8°C and 25°C ± 2°C).

The in vivo distribution results suggest that niosomes have an obvious ability to increase drug content in the rat heart, lung, kidney, brain, and blood compared with tablets. It can be inferred that niosomes have the ability to help in transport of flavonoid glycosides to the brain and to avoid phagocytosis by the endothelial system in the liver. In summary, niosomes offer an effective and practical means of delivering the GbE to the brain via oral administration and thus could prove to be a good alternative to conventional formulations.
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###### 

Characterization of GbEN formulations by measuring entrapment efficiency and particle size (mean ± SD, n = 3)

  Formulation No   HLB value   Hydration temperature (°C)   Ratio (mol/mol) (surfactant: cholesterol)   Ratio (w/w) (GbE: carriers)   Entrapment efficiency (%)   Mean particle size (nm)
  ---------------- ----------- ---------------------------- ------------------------------------------- ----------------------------- --------------------------- -------------------------
  F1               11.0        60                           1:0.5                                       9:100                         57.7 ± 3.8                  142.8 ± 19.1
  F2               11.5        70                           1:0.5                                       12:100                        44.1 ± 2.9                  144.9 ± 15.6
  F3               12.0        80                           1:0.5                                       15:100                        46.3 ± 1.2                  140.9 ± 18.0
  F4               11.0        60                           1:0.75                                      12:100                        47.3 ± 2.0                  410.1 ± 20.3
  F5               11.5        60                           1:0.75                                      15:100                        44.7 ± 1.8                  283.6 ± 21.2
  F6               12.0        70                           1:0.75                                      9:100                         38.7 ± 2.9                  144.0 ± 7.7
  F7               11.0        70                           1:1                                         15:100                        54.4 ± 5.7                  505.1 ± 49.5
  F8               11.5        80                           1:1                                         9:100                         51.1 ± 4.4                  163.4 ± 10.6
  F9               12.0        80                           1:1                                         12:100                        47.7 ± 3.1                  408.4 ± 30.8
  F10              11.0        60                           1:1                                         15:100                        50.0 ± 1.9                  141.3 ± 11.9

###### 

Comparison of particle size, zeta potential and entrapment between different GbEN formulations (mean ± SD, n = 3)

  Formulation                        Particle size (nm)   Zeta potential (mV)   Entrapment efficiency (%)
  ---------------------------------- -------------------- --------------------- ---------------------------
  Niosomal suspension                141.3 ± 11.9         −0.1 ± 1.7            50.0 ± 1.9
  Niosomal powder by freeze-drying   661.3 ± 78.6         −11.6 ± 4.3           50.1 ± 1.0
  Niosomal powder by spray-drying    680.2 ± 90.0         −33.6 ± 1.6           77.5 ± 1.0

###### 

Angle of repose of niosomal powders (mean ± SD, n = 3)

  Ratio of added glidant to niosomal powder (%) (w/w)   Angle of repose (deg)                
  ----------------------------------------------------- ----------------------- ------------ ------------
  0.2                                                   34.3 ± 1.7              37.5 ± 1.9   31.0 ± 1.4
  1                                                     32.3 ± 2.3              38.7 ± 1.2   32.3 ± 0.9
  2                                                     36.9 ± 1.2              35.0 ± 1.3   35.0 ± 1.3
  3                                                     36.3 ± 0.8              37.5 ± 1.9   34.4 ± 2.2
  5                                                     38.7 ± 2.4              38.1 ± 1.6   36.3 ± 2.1
  Niosomal powder                                       35.0 ± 1.3                           

###### 

Release kinetic parameters of GbEN in various release media

  Release medium         Zero order   First order   Higuchi model   Korsmeyer--Peppas model                              
  ---------------------- ------------ ------------- --------------- ------------------------- -------- -------- -------- --------
  PBS (pH 6.8)           0.5864       0.0305        0.2684          0.0004                    0.8248   1.9383   0.8689   0.6047
  Acetic acid (pH 4.0)   0.6186       0.0268        0.3719          0.0004                    0.8465   1.6811   0.9409   0.6139
  HCl (pH 1.0)           0.6484       0.0097        0.3945          0.0004                    0.8677   0.6023   0.8972   0.5211

###### 

Stability studies of GbEN at different temperatures

  Month   Entrapment efficiency of niosome at 4°C--8°C (%)   Entrapment efficiency of niosome at 25°C ± 2°C (%)
  ------- -------------------------------------------------- ----------------------------------------------------
  0       77.50 ± 1.00                                       77.50 ± 1.00
  1       76.72 ± 1.07                                       77.06 ± 1.08
  2       76.90 ± 0.94                                       76.90 ± 1.25
  3       75.39 ± 1.11                                       75.38 ± 0.87

###### 

The concentrations of flavonoid glycosides in rats' organs and tissues (mean ± SD, n = 10)

  Organ and tissue   GbEN group (μg/mL)                                              GbE tablet group (μg/mL)
  ------------------ --------------------------------------------------------------- --------------------------
  Heart              0.3288 ± 0.0052[\*\*\*](#tfn2-ijn-8-421){ref-type="table-fn"}   0.0982 ± 0.0178
  Liver              0.5139 ± 0.0018[\*\*\*](#tfn2-ijn-8-421){ref-type="table-fn"}   0.6397 ± 0.0162
  Spleen             0.2657 ± 0.0040[\*\*\*](#tfn2-ijn-8-421){ref-type="table-fn"}   0.2309 ± 0.0084
  Lung               0.5496 ± 0.0066[\*\*\*](#tfn2-ijn-8-421){ref-type="table-fn"}   0.2339 ± 0.0036
  Kidney             0.4797 ± 0.0088[\*\*\*](#tfn2-ijn-8-421){ref-type="table-fn"}   0.1013 ± 0.0028
  Brain              0.3401 ± 0.0047[\*\*\*](#tfn2-ijn-8-421){ref-type="table-fn"}   --
  Blood              0.8179 ± 0.0102[\*\*\*](#tfn2-ijn-8-421){ref-type="table-fn"}   0.6948 ± 0.0146

**Notes:** Compared with GbE tablet group;

*P* \< 0.001.

[^1]: These authors contributed equally to this work
